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Summary

Plasma membranes (PM) from maize roots (Zea mays L.) were
isolated by aqueous two-phase partitioning. The isolated membrane
fraction showed a 4.6-fold enrichment in specific activity of the PM
marker enzyme vanadate-sensitive, Mg2*-ATPase over a micro-
somal pellet collected at 50,000 x g. Activities of marker enzymes for
mitochondria, endoplasmic reticulum, tonoplast, and Golgi appara-
tus were low or not detectable in the PM fraction. Quantitative
morphometric analysis using the PM-specific silicotungstic acid stain
showed the fraction to be > 92% PM vesicles. Using detergent
stimulation of ATPase activity as a measure of structurally linked
latency, greater than 90% of the PM vesicles were oriented with the
cytoplasmic surface inside.

An electron transport activity was investigated in the PM fraction.
The rate of NADH oxidation in the absence of an artificial electron
acceptor was < 167 pkat-mg protein—!; however, NADH catalysed
the reduction of a variety of artificial electron acceptors including
ferricyanide (2.6 nkat-mg protein—!), cytochrome ¢ (0.8 nkat-mg
protein—!), a tetrazolium derivative (0.6 nkat -mg protein—!) and
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Abbreviations:  BTP = 1,3-bis[tris(hydroxymethyl)-methylamino}-
propane; CHAPS = 3-[(3-cholamidopropyl)dimethylammonio]-1-
propane sulfonate dihydrate; cyt ¢ = cytochrome ¢; DCIP = 2,6-
dichlorophenol indolphenol, INT = 2-(4-iodophenyl)-3-(4-
nitrophenyl)-5-phenyltetrazolium chloride; kat =mole s 1;
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dichlorophenol indophenol (0.4nkat-mg protein—!). While the
NADH-dependent ferricyanide and dichlorophenol indophenol re-
ductases were stimulated > 6-fold by 0.025% (v/v) Triton X-100, the
cytochrome ¢ and INT reductases were not greatly stimulated.
Washing membranes with high salt significantly decreased the
NADH-dependent, and eliminated the NADPH-dependent, -
ferricyanide reductase activity measured in the absence of detergent.’
These results suggest that NADH was oxidized on the extra-
cytoplasmic surface of the membrane; however, a significant portion
of this activity was extrinsic and may have originated from
cytoplasmic contamination during isolation. The greater portion of
the PM-associated NAD(P)H oxidation and/or ferricyanide re-
duction was catalyzed on sites not exposed to the outer surface of the
membrane.

Keywords: Aqueous two-phase partitioning; Ferricyanide reductase;
NAD(P)H oxidoreductase; Plasma membrane; Redox system; Root
(membranes).

1. Introduction

NAD(P)H oxidoreductases have been identified on
nearly all plant membranes (MgLLER and Li~n 1986).
The most extensively investigated NAD(P)H
oxidoreductases are those associated with the inner and
outer mitochondrial membranes and with the endo-
plasmic reticulum. NAD(P)H oxidases associated with
both the inner and outer surfaces of the inner mito-
chondrial membrane are linked to cytochrome a/a;
oxygenase and are coupled to ATP synthesis, while the
function of the NADH oxidase associated with
cytochrome b on the outer membrane is not known
(MgLLER and LiN 1986). The NAD(P)H-cytochrome ¢
reductase on the endoplasmic reticulum has been used
widely as a marker enzyme in organelle isolation
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(QuaiL 1979). This activity is analogous to the
cytochrome b5 or P-450 systems of the mammalian
endoplasmic reticulum, and functions in hydroxylation
and desaturation reactions (MoiLLEr and Lin 1986).
NAD(P)H dehydrogenase activity has been reported in
vacuoles of Hevea (Moreau eral. 1975), the Golgi
apparatus of rat liver (MoRRrE efal. 1978; BARR et al.
1984), but thus far not in plant Golgi, and glyoxysomal
membranes of Ricinus where transfer of reducing
equivalents to the cytoplasm vie a NADH oxidase
system is proposed as part of the glyoxylate cycle
{LusTEr and DoNaLDsON 1985).

Of particular interest to this study, are the reports of
NAD(P)}H dehydrogenase activity on plant PM (re-
viewed by CRANE etal. 1985). The presence of a PM-
associated redox system in plants has been demon-
strated in intact roots (RUBINSTEIN et al. 1984), whole
cells (BARR efal. 1985 a, Misra ef al. 1984), protoplast
(LN 1982 and 1984, THom and MareTzk1 1985) and
1solated membranes (DELUCA et al. 1984, RUBINSTEIN
etal. 1984). Furthermore, BARR ¢t al. (1985 b) demon-
strated a PM redox activity in a well characterized,
highly enriched PM fraction isolated from soybean
hypocotyls. Taken together, the results present
evidence for a redox pathway on PM, although the
biochemical characteristics and the physiological func-
tion of the PM redox system remain obscure.

In this study, we report findings of an analysis of the
NAD(P)H oxidoreductase activity in a PM fraction
prepared from maize roots using the aqueous two-
phase partitioning method and suggest that the major
portion of the NAD(P)H-dependent reductase activity
is not accessible from the extracytoplasmic surface of
the PM.

2. Materials and Methods

Plant material. Seeds of maize (Zea mays L. cv Golden Cross
Bantam) were surface sterilized ina 10% (v/v) solution of commercial
bleach, rinsed with tap water and soaked in running tap water for
circa 18 hours. Seeds were then drained. spread onto stainless steel
wire-mesh racks, covered with a single layer of Miracloth (Behring
Diagnostics, La Jolla, CA) and grown in darkness at 27 “C for 3 days.
Primary roots were harvested and stored on ice until needed. Storage
time did not exceed | hour.

Microsomal membrane isolation. Root material was chopped using
hand-held, single-edged razor blades in homogenization buffer
(I5mM Tris-HCl. 1 mM ethylenediaminetetraacetic acid, 3 mM
dithiothreitol, 0.5 M sucrose and 0.6% insoluble polyvinylpolypyrro-
lidone} at a ratio of 1:5 (w/v). The chopped root material was
vacuum infiltrated twice at 650 mm of Hg for 15s followed by
Polytron homogenization (Brinkmann Instruments, Westbury, NY)
for 305 at rheostat setting 6. The homogenate was filtered through
nylon cloth (pore size 210 um) and centrifuged at 10,000 g,,,,, for 10
minutes (Sorvall SS-34 rotor, Du Pont Co., Wilmington, DE). This

supernatant was then centrifuged at 50,000 g, for 30 minutes (SS8-34
rotor). The resulting pellets were resuspended in approximately 6 ml
of 5mM K-phosphate bufter at pH 7.8 containing 0.25 M sucrose and
were referred to as the microsomal fraction (MF).

Plasma membrane isolation. PM was isolated using the aqueous two-
phase partitioning method described by KJELLBOM and LARSSON
(1984) with slight modifications. This technique has been reviewed by
ALBERTSON et al. (1981) and LARSSON (1983). For the phase
partitioning. two 18 g phase systems were constructed containing
6.2% dextran T 500 (Pharmacia AB, Uppsala, Sweden) 6.2%
polyethylene glycol with an average molecular mass of 3350 Da
(Sigma Chemical Co., St. Louis, MO), 0.048% phosphate buffer
titrated to pH 7.8 with KOH, 0.037% KCl and 8.56% sucrose all
calculated by weight. Five g of membranes suspended in the
phosphate buffered sucrose solution were added to a third phase
system to give an 18 g system of the composition described above. All
systems were equilibrated to 2°C and partitioned by vigorous
shaking for 20s. The phase were separated by centrifugation at
1,000 g,,,,, for 5 minutes at 2°C (Sorvall HB-4 rotor, Du Pont,
Wilmington, DE). All upper phases were removed and stored
separately at 2°C. For the second partition, the upper phase
containing membrane material was applied to a fresh lower phase,
equilibrated, partitioned and separated as above. The upper phase
from the second partition was again applied to a fresh lower phase
and treated as above. The resulting upper phase was referred to as U,
using the terminology of KIELLBOM and LARssON (1984). The
partitioning procedure is illustrated in Fig. 1. In a parallel series of
partitions, the lower phase obtained from the first partitioning step
was re-extracted with fresh upper phase, equilibrated, partitioned and
separated as above. The twice-extracted lower phase was recovered as
fraction L; (Fig. 1), and the upper phase from this extraction was
applied to the lower phase obtained from the second partition of U,
and repartitioned. The upper phase from this partition was applied to
the lower phase of the third partition of U; and partitioned as
described. The resulting upper phase fraction was referred to as U’,
(Fig. 1). The fractions MF, L, U; and U’y were diluted with buffer A
(5mM Tris-Mes, pH 7.0, 0.1 mM dithiothreitol and 0.25M sucrose)
for marker enzyme analysis or buffer B (SmM Tris-Mes, pH 7.0,
0.2mM CaCl,, I mM KCland 0.25 M sorbitol) for NADH dehydro-
genase assays. Fractions were pelleted at 113,000 g,,.... for 30 minutes
(SW28 rotor, Beckman Instruments, Palo Alto, CA), and the pellets
were resuspended in buffer A or B as needed. For NAD(P)H
oxidoreductase analysis, membranes from fractions U; and U’ were
combined and frozen at — 80 °C until needed. Activity was stable for
scveral months at this temperature. Membranes for marker enzyme
analyses were used immediately after isolation without prior freezing.
Enzyme analyses. Marker enzymes for endoplasmic reticulum, Golgi
apparatus and mitochondria were, respectively, antimycin A-insen-
sitive, NADH-cytochrome ¢ reductase (HODGES and LEONARD
1982), Triton X-100-stimulated IDPase (BowLES and KAus 1976)
and succinate—INT-—reductase (PENNINGTON 1961) performed by
the modifications of BUCKHOUT ef al. (1982). Vanadate-inhibited,
Mg?~-ATPase activity, a marker enzyme for PM, was assayed in
50mM Mes-BTP, pH 6.0, buffer containing 3mM MgSO,, | mM
NaNj;, 0.1 mM NHy-molybdate and 0.25 M sucrose in the presence or
absence of 0.025% (v/v) Triton X-100 and/or 100uM Na;VO,.
Nitrate-inhibited Mg?*-ATPase, a marker enzyme for tonoplast
membranes, was assayed at pH 7.0 in 50mM Mes-BTP in the
presence or absence of 50 mM nitrate with or without Triton X-100,
and containing Mg?*, sucrose, molybdate and azide as described.
The assays were conducted in a volume of 100 pl containing 30 pl
membrane fraction, initiated by the addition of ATP to 3 mM and run
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Fig. 1. Schematic diagram of the aqueous two-phase partitioning method used for isolation of PM from maize roots. A detailed discription of the
procedure is provided in the Materials and Methods. The PM fraction is the combined fraction U; and U’y

for 30 minutes at 30 °C. The reaction was stopped with the addition of
400 pl of ice-old 10% (w/V) trichloroacetic acid. Free phosphate was
determined by the method of SCHERER and MORRE (1978). Protein
was determined by the method of BRADFORD (1976).

NAD(P)H dehydrogenase was determined spectrophotometrically
following the reduction of the artificial electron acceptors
ferricyanide at 420nm (e = [ x10°mol-cm-1—1), DCIP at
600 nm (e=2x104mol-cm-1-"), INT at 500 nm
e=115x104mol-cm-I—!) or ¢yt ¢ at 550nm (e=2.94x
104mol-cm-1—1). Unless otherwise indicated, the assay for fer-
ricyanide reductase was conducted with 5-15 pg membrane protein in
buffer B containing 0.3 mM ferricyanide and 0.16 mM NAD(P)H
plus or minus 0.025% (v/v) Triton W-100. The reaction was initiated
by the addition of NAD(P)H.

KClI washing of PM. KCl extraction was conducted by resuspending
PM in buffer B containing 0.5M KCl and incubating on ice for 20
minutes, followed by centrifugation for 30 minutes at 110,000 g,,...,
(SW 50.1 rotor, Beckman Instruments, Palo Alto, CA). The resulting
pellet was resuspended in 200 pl of buffer B and the NAD(P)H-
dependent, ferricyanide reductase activity in the pellets and superna-
tants was analyzed.

Electron microscopy. Isolated membrane pellets were resuspended in
50mM cacodylate buffer, pH 7.2, containing 0.25M sucrose and
2.5% (v/v) glutaraldehyde and fixed 1 hour at room temperature.

The membrane suspension was pelleted by centrifugation for 30
minutes at 110,000 g,,,, (SW 50.1 rotor). These pellets were broken
into small pieces (0.5mm?), washed in cacodylate buffer and
postfixed in cacodylate-buffered 1% (w/v) osmium tetroxide for 1
hour at room temperature. Postfixed membranes were washed in
water, dehydrated in acetone and embedded in Epon 812 resin
(Poly/bed, Polysciences, Inc., Warrington, PA). Silver-gold sections
were stained by the method of REYNOLDs (1963). Silicotungstic acid
staining was performed by the method of ROLAND (1978). This stain
results in a similar staining specificity for PM as does phosphotungs-
tic acid (ROLAND et al. 1972), but in our opinion gives somewhat
sharper contrast. Morphometric analysis was performed by the
method of WIEREL et al. (1966).

3. Results

Isolation and characterization of plasma membranes.
PM were isolated by aqueous two-phase partitioning,
as described in the Materials and Methods and il-
lustrated in Fig. 1. We present the following evidence
confirming the purity of this fraction. First, enzymatic
analyses show that < 0.15% of the total succinate-
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Table 1. Analysis of marker enzymes in membrane fractions isolated by the aqueous two-phase partitioning procedure. Numbers in parentheses are
specific activities. Recovery of activity was < 100% in most cases because all upper and lower phases from the multiple partitioning steps were not

analvzed
Fraction Protein Triton X-100- NADH- Succinate
(mg) stimulated, cytochrome C INT-

IDPase? reductase® reductase?
MF 56.22 63,795.0 (1,134.67) 207.0 (3.67) 7,448.33 (132.5)
% recovered 100.00 100.00 100.00 100.00
L, 40.33 26,967.5 (668.67) 125.83 (312.17) 7,741.67 (192.0)
% recovered 71.74 42.27 60.80 103.94
U, 2.39 114.17 (47.50) 1.32 (0.55) 9.0 (3.33)
% recovered 4.25 0.18 0.63 0.11
U’y 1.48 S1.17 (34.67) 0.53 (0.37) 0.83 (0.5)
% recovered 2.62 0.08 0.26 0.01

4 pkat (pkat-mg protein !); b nkat (nkat-mg protein—1).

Table 2. Analysis of AT Puse marker enzymes for tonoplast in membrane fractions isolated by aqueous two-phase partitioning. ATPase acti vity was
determined as the release of phosphate in the absence or presence of 0.025% Triton X-100 (%, v/v). Numbers in parentheses are specific activities

Fraction Mg2*-ATPase (pH 7.0)2
Basal Nitrate-inhibited,
Triton X-100 Triton X-100

— + — +
MF 448.6 (8.0) 872.7 (15.5) 82.2 (1.46) 71.4 (1.3)
% recovered 100.00 100.00 100.00 100.00
L, 3134 (7.8) 484.8 (12.0) 47.1 (1.2) 68.8 (1.7)
% recovered 69.9 55.5 57.3 96.4
U, 8.7 (3.6) 91.5 (38.2) —0.8(—0.3) —0.8(—0.3)
% recovered 1.9 10.5 — —
Uy 9.2 (2.0) 54.9 (37.3) —0.5 (—0.4) —6.1(—4.2)
% recovered 2.0 6.3 — —

4 nkat (nkat-mg protein - 1).

INT-reductase (mitochondria), < 0.9% of the antimy-
cin A-insensitive, NADH-cytochrome ¢ reductase
(endoplasmic reticulum) and < 0.3% of the Triton X-
100-stimulated IDPase (Golgi apparatus) in the MF
was recovered in the combined fractions U; and U’y
(Table 1). Similarly, the specific activities of these
enzymes were 10- to > 100-fold reduced in the Uy and
U’; fractions compared to the MF (Table 1). Recovery
of activity was < 100% in most cases because all upper
and lower phases from the multiple partitioning steps
were not analyzed. Contamination by tonoplast of the

PM fraction was estimated using the nitrate-inhibited
Mg>*-ATPase (Table 2). Nitrate inhibited the ATPase
activity in MF and L; by 10 to 20% while stimulating
the activity in the U; and U’; by approximately 10% as
demonstrated by the negative values in Table 2. This
stimulation was relatively small but consistently ob-
served. More dramatic nitrate inhibitions were ob-
served in membranes which pelleted from the
50,000 g, supernatant (data not shown). The lack of
nitrate-inhibited ATPase in U; and U’y demonstrates
the absence of tonoplast membranes in these fractions.
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Table 3. Analysis of ATPase marker enzymes for PM in membrane fractions isolated by aqueous two-phase partitioning. ATPase activity was
determined as the release of phosphate in the absence or presence of 0.025% Triton X-100 (%, v/v). Numbers in parentheses are specific activities

Fraction Mg?+-ATPase (pH 6.0)2
Basal Nitrate-inhibited,
Triton X-100 Triton X-100
— + _ +

MF 389.9 (6.9) 1,095.6 (19.5) 204.4 (3.6) 809.5 (14.4)
% recovered 100.00 100.00 100.00 100.00
L, 319.2(7.9) 502.6 (12.5) 202.1 (5.0) 345.0 (8.6)
% recovered 81.9 459 98.8 42.7
U, 10.5 (4.4) 169.1 (70.7) 11.0 (4.6) 158.9 (66.4)
% recovered 2.7 15.4 5.4 19.6
U’y 7.38 (5.0 106.2 (72.0) 9.4 (3.6) 99.5 (67.5)
% recovered 1.9 9.7 4.6 12.3

a pkat (nkat-mg protein—!).

Greater than 50% of the Mg?2"-ATPase activity in all
fractions was vanadate sensitive, indicating that the
majority of molybdate- and azide-insensitive ATPase
was of PM origin. In the absence of Triton X-100, 99%
of the total ATPase activity was located in L;. In the
presence of detergent, 32% of this activity was found in
U, and U’y and 43% in L,. The vanadate-inhibited
ATPase activity was stimulated by detergent 14- and
10-fold in U; and U’; while only 4.0- and 1.7-fold in the
MF and L, fractions, respectively (Table 3). If the
detergent stimulation is a measure of structurally linked
latency (LARSSEN et al. 1984) and the vanadate-sensitive
ATPase activity is uniquely associated with PM, be-
tween 90 and 93% of the PM vesicles are oriented with
the cytoplasmic surface inside. The specific vanadate-
sensitive ATPase activity is 4.6-fold enriched in U; and
U’ over that of MF. Taken together, these data
indicate that the U; and U’; fractions are predominate-
ly of PM origin.

The second line of evidence demonstrating the PM
origin of U; and U’y is based on quantitative mor-
phometry. To insure unbiased sampling, fixed mem-
brane to be embedded, embedded fractions to be
sectioned and regions of the sections to be photo-
graphed were selected randomly. Representative
micrographs of Uj stained with lead citrate (Fig. 2 4) or
silicotungstic acid (Fig. 2 B) are presented. Fractions Us
and U’; were morphologically indistinguishable. A
consistent feature of U; was the presence of multives-
icular vesicles (Fig. 2 4). In most cases these multiple

vesicles stained STA positive (Fig.2B, arrows),
although multiple vesicles were observed which con-
tained morphologically recognizable organelles such as
mitochondria. Flattened vesicles were observed in Us
and U’; which were reminiscent of single Golgi appara-
tus cisternae (Fig.2 A, arrows, and B). Quantitative
morphometric analysis for STA-staining vesicles de-
monstrated that U; and U’y were composed of
93.4+ 2.5 and 92.2 + 4.5% STA-staining vesicles, re-
spectively, while MF and L, contained 16.8 +£ 7.3 and
13.0 £ 3.5% STA-staining vesicles (Table 4). These
data support the contention that U; and U’; are
composed of PM-derived vesicles. Based on the 4.6-fold
increase in specific activity of U; and U’; over MF, one
would expect 21% of MF to be PM, a value which is
somewhat greater than the composition measured by
quantitative morphometry, but within the statistical
error of calculation (Table 4).

NAD(P)H-dependent redox activity. Prior investigat-
ions (Lin 1982) have presented evidence to support the
presence of a PM redox system on maize plasmalemma
analogous to the system reported for animal cell PM.
To better understand the biochemical structure of the
maize root redox system and its physiological function,
we have begun an analysis of the PM redox system
using isolated PM vesicles. Oxidation of NAD(P)H or
the reduction of artificial electron acceptors was in-
vestigated. Oxidation of NADH occurred at a rate of 33
to 167 pkat - mg protein—! in the absence of an artificial
electron acceptor. The rates of NADH-dependent
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Fig. 2. Electron micrographs of membrane fraction U;. Membrane fractions were isolated as described in Materials and Methods and illustrated

in Fig. 1. U; membranes were fixed in glutaraldehyde and postfixed in osmium tetroxide. Silver-gold sections were stained with lead citrate (A4) or
STA (B) specific for PM. Fractions U; and U’y were morphologically indistinguishable. The primary magnification was 4,300 x for both

micrographs. Bars equal 3 um
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Table 4. Analysis of silicotungstic acid staining in membrane fractions
isolated by aqueous two-phase partitioning. Membrane fractions
corresponding to those illustrated in Fig. 1 were prepared for electron
microscopy as described in the Materials and Methods and analyzed by
quantitative morphometry for PM content using the PM-specific, STA
stain. The results are presented as percent STA positive vesicles + SE
and are an average of 2 independent scorings of 3, randomly selected
micrographs for each fraction

Membrane fraction STA positive (%)

MF 16.8+7.3
L, 13.0+7.3
U; 934425
U 922+ 4.5

ferricyanide, cyt ¢, INT and DCIP reduction were 2.6,
0.8, 0.58 and 0.42nkat-mg protein—!, respectively
(Fig.3 4). Within experimental error and where
NADH oxidation could be measured without inter-
ference, the rate of pyridine nucleotide oxidation was
sufficient to account for acceptor reduction.
Ferricyanide reduction in the presence or absence of
detergent (see below) was insensitive to Mn?*, super-
oxide dismutase and catalase, discounting the partici-
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Fig. 3. Analysis of NADH-dependent reductase activity in PM. Isolated
PM was analyzed for NADH-dependent ferricyanide (@), cyt ¢ (C1),
INT (O) and DCIP (M) reductases as described in the Materials and
Methods in the absence (4) and presence (B) of 0.025% Triton X-100
(v/v). Each data point is the average of 3 determinations

Table 5. The effect of Mn2*, catalase and superoxide dismutase on
NADH-dependent, ferricyanide reductase activity. The ferricyanide
reductase activity was assayed in PM as described in the Materials and
Methods. Crystals of superoxide dismutase or catalase, or Mn2* at a
final concentration of 0.5 mM were added to the assay mixture and the
Sferricyanide reductase activity determined for 2 minutes. The results are
an average of 3 determinations

Treatment Ferricyanide
reductase activity?
Triton X-100
— +
Control 2.80 21.47
Mn2+ 2.60 26.88
Superoxide dismutase 2.60 16.83
Catalase 3.23 19.67

2 pkat-mg protein—!.

pation of superoxide radicals in the reduction of
ferricyanide (Table 5).

Detergent-stimulated, NAD(P)H-ferricyanide re-
ductase. The addition of Triton X-100 to a concen-
tration of 0.025% (v/v) stimulated NADH-dependent,
ferricyanide and DCIP reductase activities > 6-fold
while stimulating the cyt ¢ and INT reductases by
approximately 20% (Fig. 3 B). Reduction of acceptor
in all cases was linear with time over the 2 minutes assay
both in the presence (Fig. 3 B) and absence (Fig. 3 4) of
detergent. Stimulation of ferricyanide reductase was
independent of the detergent used although Triton X-
100 and NP-14 stimulated the activity to a greater
extent than did digitonin and CHAPS (Fig.4).
Compared to the rate of reduction in the presence of
enzyme, the rate of nonenzymatic ferricyanide re-
duction by NADH was insignificantly stimulated by
detergents. The detergent concentration for Triton X-
100 and CHAPS which showed maximal stimulation is
10-fold below the concentration needed to solubilize
the activity (data not shown). Thus, the stimulation of
activity by detergents suggests the presence of cryptic
sites of ferricyanide reduction.

Kinetic analysis of NAD(P)H-dependent, ferricyanide
reductase. Reduction of ferricyanide was dependent on
protein concentration both in the presence or absence
of detergent as illustrated for Triton X-100 (Fig. 5 4).
The dependence of ferricyanide reductase activity on
pyridine nucleotide concentration was investigated.
Saturation kinetics were observed for NADH in the
absence and for NADH and NADPH in the presence of
0.025% (v/v) Triton X-100 (Figs.5B and 5C, re-
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Fig. 4. Analysis of detergents on the NADH-dependent, ferricyanide reductase activity. Reductase activity was assayed in PM as described in the
Materials and Methods. The detergents tested were NP-14 (), Triton X-100 (O), digitonin () and CHAPS (@). Detergent concentration for
NP-14 and Triton X-100 are percent by volume and for digitonin and CHAPS are percent by weight. Activity in all experiments was conducted
using 26 ug membrane protein. Each data point is the average of 3 determinations

spectively). Activity for NADPH-dependent fer-
ricyanide reductase was low and variable between
membrane preparations and was therefore not further
investigated. Replotting the substrate saturation curves
shown in Figs. 5 B and 5 C using the method of Hanes-
Woolf (SEGEL 1975) resulted in linear plots (r? > 0.99)
for ferricyanide reduction when assayed in the presence
of Triton X-100 (Fig.5D). The Michaelis-Menten
constants were K_,=204pM and V.=
6.67 nkat- mg protein—' for NADPH in the presence of
Triton, and K,=0.5pM and V_,, =0.83nkat -mg
protein—! for NADH in the absence and K, = 24.3 uM
and V. = 20.67 nkat - mg protein—! for NADH in the
presence of Triton.

Analysis of ferricyanide reductase activity in KCI-
washed membranes. Both the stimulation of fer-
ricyanide reductase by detergents and the nearly 20-
fold increase in K, for NADH following Triton X-100
treatment suggest the presence of multiple dehydroge-
nasc activitics. In an attempt to resolve these activities,
membranes were washed by resuspension and pelleting
in buffer B containing cither low (1mM) or high
(0.5M) KCI1. Membranes washed in high salt showed a
decrease in the NADH-dependent activity by approx-
imately one-half and an elimination of the NADPH-
dependent activity when assayed in the absence of
detergent (Table 6). Washing membranes in low salt
was, however, equally as effective in removing

NADPH-dependent activity suggesting that this activ-
ity was loosely associated with the membrane.
Although low salt washing also removed approximate-
ly 10% of the NADH-dependent ferricyanide re-
ductase, the activity assayed in the absence of detergent
was not affected by the treatment (Table 6). Thus, the
NADH-dependent activity removed by low salt wash-
ing was likely sequestered within the vesicle. These
results show that approximately one-half of the
NADH-dependent activity assayed in the absence of
detergent and a significant portion of the detergent
stimulated NAD(P)H-dependent activity was not salt
extractable and thus integral to the membrane.

4. Discussion

With few exceptions (i.e. DE Luca eral. 1984, BARR
etal. 1985b), NAD(P)H-dependent reductase activity
has not been studied in a well characterized PM
fraction. The membrane fraction used in this study was
shown to be > 90% PM, and based on the latency of
the ATPase, the membrane vesicles were shown to be
oriented > 90% with the cytoplasmic surface inside.
Ferricyanide reduction was greatly stimulated when the
activity was assayed in the presence of detergents. We
assume that in the absence of detergent, the sites of
oxidation and reduction are located on the outer
surface of the vesicles since both NADH and fer-
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Fig. 5. Analysis of the kinetic properties of an NAD(P)H-dependent, ferricyanide reductase. 4 Analysis of the relationship of membrane protein
to NADH-dependent, ferricyanide reductase activity in the presence (@) and absence (O) 0of 0.025% Triton X-100. B Analysis of the dependence
of NADH-dependent, ferricyanide reductase activity on the concentration of NADH in the presence (@) and absence (O) of Triton X-100. C A
similar analysis to that presented in B above but with NADPH substituted for NADH. D A replotting of the data presented in B and C using the
method of Hanes-Woolf. The numbers in parentheses on the ordinate correspond to NADH-dependent activity measured in the absence of
Triton X-100. Kinetic parameters calculated from these plots are: for NADPH-dependent activity plus Triton X-100 (O)K, =20 and
Vinax = 6.67, for NADH-dependent activity plus Triton (@)K, =24 and V. = 20.67, and for NADH-dependent activity minus Triton
(O)K,, = 0.5uM and V., = 0.83 nkat - mg protein—!. For the purpose of clarity, several data points at low pyridine nucleotide concentrations

were not plotted but were included in K, and V. calculations

ricyanide are membrane impermeable. External sites
for NADH oxidation have been shown in isolated
protoplasts (LN 1982, THom and MareTzkr 1985) and
roots (RUBINSTEIN etal. 1984) and for ferricyanide
reduction in protoplasts (Liv 1982, THom and
MarEeTzKI 1985), roots (FEDERICO and GIARTOSIO 1983,
RUBINSTEIN eral. 1984, Qur eral. 1985) and cultured
cells (BARR etal. 1985a). Biochemical evidence sup-
porting extracytoplasmic oxidation of NADH by PM
has also been presented by Dg Luca et al. (1984) and
BARR et al. (1985 b) and most recently by PupiLLO et al.
(1986). The detergent stimulation of ferricyanide re-
ductase activity indicates that additional cryptic sites of
NAD(P)H oxidation and/or acceptor reduction exist
possibly on the cytoplasmic surface of the PM. This

finding is in agreement with the published work of De
Luca et al. (1984) who reported a Triton X-100-
stimulated, duroquinone-dependent NADH oxidase in
a PM fraction from Cucurbita and of GREBING et al.
(1984) who reported a Triton X-100-stimulated,
NADH-dependent  ferricyanide  reductase  in
erythrocyte membranes.

Kinetic analysis of the pyridine nucleotide saturation
plots conform to Michaelis-Menten kinetics. There was
no indication of the more complex non-Michaelis-
Menten kinetics reported by PupiLLO et al. (1986) in
zucchini microsomes. The calculated K, values for
NADPH and NADH were approximately 20 uM in the
presence of detergent and > 1 ym for NADH in the
absence of detergent. K,,, values in this concentration
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Table 6. NAD( P)H-dependent, ferricyanide reductase activity in salt-
washed membranes. PM were washed in buffer B with or without 0.5 M
KCl. Washed membranes were pelleted and the resulting supernatants
and pellets were analysed for ferricyanide reductase activity in the
presence and absence of 0.025% (v/v) Triton X-100. The results are an
average of 3 determinations

Treatment Ferricyanide reductase (nkat)
NADH- NADPH-
dependent dependent
Triton X-100 Triton X-100
— + — +

Unwashed 0.77 5.00 0.43 3.73

ImM KCl

pellet 0.80 4.43 0.00 2.79

supernatant — 0.32 — 0.55
0.5M KCl

pellet 0.40 3.40 0.03 1.60

supernatant — 0.75 — 0.73

range are consistent with a physiological role for the
PM NAD(P)H oxidoreductase and within the range of
values reported in the literature (GREBING et al. 1984,
PupriLLo et al. 1986). The increase in K, by greater than
20-fold for NADH and a 6-fold increase in V ,, for the
ferricyanide reductase following the addition of Triton
X-100 suggests that detergent treatment exposes an
enzyme activity distinet from that present in nontreated
membranes.

Washing PM with 0.5M KCl resulted in a 50%
reduction in NADH-dependent ferricyanide reductase
and elimination of the NADPH-dependent activity
assayed in the absence of detergent. In fact, washing
membranes in buffer in the absence of KC] also released
significant NADH-dependent activity and eliminated
NADPH-dependent activity. The portion of the activ-
ity removed during washing is thought to be loosely
bound to, or sequestered within the membrane and may
have originated as cytoplasmic contamination during
homogenization. However, nearly one-half of the
NADH-dependent reductase assayed in the absence of
detergent remains associated with the membrane frac-
tion following salt washing and represents activity
tightly bound to the extracytoplasmic surface of the
PM.

While NADH-dependent ferricyanide reduction was
detected in the presence and absence of detergent
following washing, little or no NADPH-dependent
ferricyanide reduction was observed in the absence of
detergent. Although NADPH was oxidized by intact

maize roots (RUBINSTEIN ef al. 1984), our data indicate
that the primary site of NADPH oxidation and/or
ferricyanide reduction is not exposed to the outside
surface of the PM. This conclusion is supported by the
results of Qru ez al. (1983) and Suimons et al. (1984) who
demonstrated a flow of reducing equivalents from
cytoplasmic NADPH to extracytoplasmic ferricyanide
in maize roots and from NADPH to ferric iron in iron-
deficient bean roots. We speculate that the sites of
NAD(P)H oxidation exposed by detergent are on the
cytoplasmic surface of the PM may be associated with
transmembrane proteins involved in transport of re-
ducing equivalents to the apoplast.
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